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Abstract 

We analyze flavor constraints in the littlest Higgs model with T-parity. In particu¬ 
lar, we focus on neutral meson mixing in the K, B, and D systems due to one loop 
contributions from T-parity odd fermions and gauge bosons. We calculate the short 
distance contributions to mixing for a general choice of T-odd fermion Yukawa cou¬ 
plings. We find that for a generic choice of textures, a TeV scale GIM suppression 
is necessary to avoid large contributions. If order one mixing angles are allowed in 
the extended flavor structure, the mass spectrum is severely constrained, and must 
be degenerate at the 1-5% level. However, there are still regions of parameter space 
where only a loose degeneracy is necessary to avoid constraints. We also consider the 
Bg system, and identify a scenario in which the mixing can be significantly enhanced 
beyond the standard model prediction while still satisfying bounds on the other mix¬ 
ing observables. We present both analytical and numerical results as functions of the 
T-odd fermion mass eigenvalues. 



1 Introduction 


The mechanism of electroweak symmetry breaking (EWSB) will presumably be revealed 
in the coming years through a combination of LHC and ILC data. It is expected that 
embedded in the newly discovered physics will be an explanation of how this mechanism 
remains stable under quantum corrections. Until this time, it is vital that we study the 
different known held theoretical mechanisms of EWSB that stabilize the Higgs potential. 

The little Higgs mechanism mu is a revival of composite Higgs models PH that 
attempted to solve these issues. In these models, the Higgs is a pseudo-Goldstone boson 
of approximate global symmetries that are added on to the standard model (SM). In the 
little Higgs mechanism, the electroweak scale is stabilized against quadratically divergent 
corrections by the manner in which perturbative couplings break the global symmetries. In 
the simplest models, the Higgs mass receives no quadratically divergent quantum correc¬ 
tions until two loop order, although models with a larger symmetry structure can postpone 
these corrections to higher loop order p. 

The most compact implementation of the little Higgs mechanism is known as the 
littlest Higgs model [S]. In this model, the SM is enlarged to incorporate an approximate 
SU{5) global symmetry. This symmetry is broken down to SO(5) spontaneously, though 
the mechanism of this breaking is left unspecified. The Higgs is an approximate Goldstone 
boson of this breaking. 

While the earliest littlest Higgs models have issues with low energy constraints [Hj, 
recent studies have shown that this structure is still possible if one adds a discrete Z 2 
symmetry to the model [Zj . Known as T-parity, this symmetry forbids the couplings which 
led to stringent electroweak precision and compositeness bounds in the original littlest 
Higgs model. 

A consistent and phenomenologically viable littlest Higgs model with T-parity requires 
the introduction of “mirror fermions” jH]. For each new SM doublet, there must be another 
doublet which has the opposite T-parity eigenvalue. These mirror fermions are required to 
cut off otherwise large four-fermion operators constrained primarily by LEP, and Drell-Yan 
processes jH], but they also open up a new flavor structure in the model. From studies of 
supersymmetry and other models of new physics, it is known that new flavor structure at 
the TeV scale is quite stringently constrained PI- This is primarily due to the presence, in 
the SM, of a GIM mechanism HH. The lightness of the SM fermions, coupled with the near 
diagonal texture of the GKM matrix, strongly suppress flavor and GP violating amplitudes, 
pushing them well below their naive dimension analysis (NDA) estimated values. In the 
absence of a TeV scale GIM mechanism, new contributions to neutral meson mixing and 
rare decays are often many orders of magnitude larger than the SM contributions da ESI 

Neutral meson mixing, GP violation, and rare decays have been tested experimentally 
through a variety of different observables, and are not substantially different than expec¬ 
tations derived from SM calculations. Therefore we expect there to be very little freedom 
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in the new flavor sector. In this paper, we study the flavor constraints on the extended 
T-odd fermion sector of the littlest Higgs model with T-parity. Specifically, we consider 
constraints from neutral meson particle anti-particle mixing, leaving rare decays for future 
study. 

In Section |2l we outline the conventions used to derive the Feynman rules relevant 
to flavor physics. In Section 121 we discuss how we approach the process of diagonalizing 
the action to the mass eigenbasis, and identify the new parameters which describe the 
new sources of flavor mixing and CP violation. In Section we outline the calculations 
for neutral meson mixing in the SM. In Section El the contributions to neutral meson 
mixing involving the T-odd fields is presented. Section IHl contains a numerical analysis of 
the bounds on the parameters describing the T-odd fermion sector, and an analysis of Bs 
mixing. We conclude in Section [7| In the Appendix, we give the relevant Feynman rules, 
as well as the formulas which arise from calculating the one loop contributions to flavor 
changing operators. 


2 The Model 

The littlest Higgs model j3] is the most compact way of extending the SM to include a 
collective symmetry breaking structure that protects the Higgs mass. In the littlest Higgs 
model, the theory is approximately invariant under SU (5) global symmetry transforma¬ 
tions. A scalar VEV of an SU{5) symmetric tensor E spontaneously breaks this SU{5) 
down to SO{5) at a scale /. This scale is presumed to be 0{1 TeV). The Higgs boson is 
one of the Goldstone bosons associated with this breaking. An [SU{2) x subgroup 

embedded in the global SU{5) is gauged, and after S gets a VEV, this gauge symmetry is 
reduced to the SM SU{2)l x U{1)y- Perturbative couplings in the model break the SU{5) 
global symmetry explicitly, and quantum corrections involving these interactions gener¬ 
ate masses and non-derivative couplings for the Goldstone fluctuations, rendering them 
pseudo-Goldstone bosons. 

The Higgs mass is protected from quadratic divergences at the one-loop level due to the 
way in which perturbative couplings are introduced. Any single coupling preserves at least 
one of two overlapping SU{3) subgroups of the full SU{5) global symmetry. Under these 
SU{3) subgroups, the Higgs is still an exact Goldstone boson. The VEV which breaks the 
SU{5) softly breaks these SU{3) symmetries, and thus generates logarithmically divergent 
contributions to the Higgs mass at one loop. Amplitudes involving perturbative couplings 
only generate a quadratically divergent contribution at two loop order. The value for the 
Higgs mass obtained by NDA arguments is then suppressed relative to the breaking scale 
/ by a loop factor. 

The effective action is parametrized by a non-linear sigma model. Only the Goldstone 
bosons of the SU{5) breaking are included in the low energy effective theory, and the way 
in which the theory is linearized, or UV completed, is left ambiguous. In terms of these 
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Goldstone fields, the symmetric tensor S can be expressed as: 


S = (2.1) 

The “pion” matrix 11 contains the Goldstone degrees of freedom, and Sq is the VEV of S: 


Sn = 


/ 0 0 0 1 0 \ 

0 0 0 0 1 

0 0 10 0 

1 0 0 0 0 

\ 0 1 0 0 0 y 


To implement the collective symmetry breaking strnctnre, the gange generators are 
embedded in the SU{5) global symmetry snch that any given generator commntes with an 
SU (3) snbgronp of the SU (5) global symmetry: 

/ a “/2 0 0 \ 

Qi={ 0 0 0, Fi = diag(3,3,-2,-2,-2)/10 

\ 0 0 0 / 

/ 0 0 0 \ 

0 0 0 , F 2 = diag(2,2,2,-3,-3)/10. (2.2) 

\ 0 0 -a“72 / 

The Qi and Yi generators commnte with the SU{ 3)2 snbgronp of SU{5) whose generators 
occnpy the lower right hand corner. The Q 2 and Y 2 generators similarly commnte with the 
SU{3)i snbgronp in the npper left. 

The VEV So breaks the extended gange gronp [SU{2) x U{1)]^ down to the SM elec- 
troweak SU{2)i x U{1)y, leading to the broken combinations acqniring masses given to 
lowest order in v/f by 


/ r 

Mwh = dfi Mzu = gf, Mah = (2.3) 

The psendo-Goldstone bosons of the SU (5) breaking then decompose into representations 
of the electroweak gange gronp as follows: 


lo © 3o © 2 i/ 2 © 3i. (2-4) 

The lo and 3o are eaten in the Higgsing of the extended gange sector down to the SM 
gange gronp. 

The pion matrix, with the Higgs donblet and complex triplet 0 identihed along with 


3 



the eaten Goldstone bosons, is given by 


UJ 3/2 - 77/a/20 

/y/2 

—m^j \p2 

-f0++ 

-S \ 

-UJ-IV 2 

uJz/2 - r]/y/% 
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*72 

72 

i'K~ / a/2 

{v + h — i7r°)/2 


—f7r+/ a/2 

{v + h + f7r°)/2 


• (b~ 

i'K~ I\f2 

-u:^/2 - 

-UJ-/V2 


i4i°+4>°p 

V 2 

v+h—i-K^ 

2 

I\f2 

UJz/2-7]/y/^ / 


(2.5) 


In the model we consider, a T-parity Z 2 discrete symmetry is enforced to make 
the model consistent with electroweak precision tests. This Z 2 is derived from an au¬ 
tomorphism of the gauge groups which exchanges the [SU{2) x G(l)];^ gauge group with 
[SU{2) X U{1)]2- If the Lagrangian is made invariant under such a transformation, tree 
level electroweak precision constraints are avoided nms]. This can be achieved by setting 
couplings associated with the two gauge groups to be equal, and also imposing that the 
particle content of the model is symmetric under this transformation. If the symmetry is 
made exact, the lightest T-parity odd particle is stabilized, and is a dark matter candi¬ 
date u\m- The heavy gauge bosons are odd under T-parity, and so tree level four-fermion 
operators involving SM fermions are also forbidden. 

Under T-parity, the Goldstone boson matrix transforms as 

T: n ^ -mn (2.6) 

where G = diag(l, 1, —1,1,1). This transformation law can be derived from the requirement 
that the kinetic term for S be invariant under exchange of the two sets of gauge bosons. 
This transformation law for the Goldstone bosons ensures that the SU{2)i triplet is odd 
under T-parity, and that there is thus no trilinear coupling of the triplet to the SM Higgs 
doublet. This forbids a small VEV being generated for the triplet which would otherwise 
cause phenomenologically constrained violations of the custodial SU{2) symmetry of the 
SM Higgs potential jB] . 

2.1 Fermion Content 

We will give now in detail the structure of the fermion sector of the model. To avoid 
compositeness constraints and simultaneously implement T-parity, it is necessary to double 
the SM fermion doublet spectrum [SI. For each SM SU{2)l doublet, a doublet under SU (2)i 
and one under SU{2)2 are introduced. The T-parity even combination is associated with 
the SM SU{2)i doublet while the T-odd combination is given a mass of order the breaking 
scale, /. The fermion doublets 'ipi,'ip 2 can be embedded into incomplete representations 
Ti, T 2 of SU{5), and the held content can be expressed as follows: 
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where ^ is a T-odd SO {5) multiplet which transforms non-linearly under the global SU{5). 
The transformation laws for Ti and T 2 under SU{5) are as follows: 

^ T 2 ^ V^2, (2.8) 

where V is an SU{5) transformation. The action of T-parity on the multiplets takes 
Ti —— S 0 T 2 and T —*> — T. It is possible to extend the gauge and global symmetry 
structure of the model to include new T-even gauge bosons and scalars, and in some of these 
extensions, all of the fermions that are introduced can be made to transform linearly (S]. 
The flavor changing processes that we calculate are in fact present in all of these models. 
We note however that in these extensions, there may be new flavor changing processes 
involving the extra T-even helds that give additional contributions. We choose to work 
with the model that has the simplest gauge and global symmetry structure, and which is 
likely the least constrained. 

The T-parity even combination of 'i/ji and "02 are the SM electroweak quark and lepton 
doublets, while the T-odd combination is given a Dirac mass with the i/jr of the T SO {5) 
representations through the following Yukawa interaction: 

Kf + h.c. (2.9) 

The insertion of .^ = is necessary to make these terms invariant under SU{5) rota¬ 
tions [31111. The T-odd combination of left-handed doublets gains a mass (before EWSB) 
equal to a/2k/. After EWSB, a small mass splitting between the T-odd up and down-type 
quarks is induced, and the masses are given by 


md_ = V2Kf 



The remaining degrees of freedom in T are given masses with another non-linearly 
transforming multiplet. A spinor multiplet of S'0(5) could be introduced. This multiplet 
includes two SU{2)l singlets, and one doublet. These could marry with xr and 'ipR, and 
then one more singlet would be necessary to lift the entire spectrum. 

We note that the T helds do not have any gauge interactions with SM fermions, due to 
the fact that they are odd T-parity eigenstates. They can thus only have gauge interactions 
with the T-even SM gauge bosons. Similarly, the interactions with T-odd Goldstone bosons 
coming from Eq. (O can only involve the left-handed SM fermions. 

In our analysis, we assume that the mass of the doublets 'i/jr are much larger than the 
breaking scale /, and the additional singlets xr have masses of ~ 5/. They are necessary 
to cancel two loop quartic divergences to the Higgs mass, but are otherwise allowed to be 
decoupled from the spectrum ng. At 5/, the mass is large enough to have only negligible 
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effects on low energy phenomenology, but low enough to keep the Higgs mass small. The 
'ipR doublet is necessary only to cancel a divergence proportional to g'^, which is relatively 
small, so it is hue for its mass to be rather large (perhaps 10 TeV). Increasing its mass also 
decouples its effects on flavor physics, as the masses are not due to the Yukawa coupling k, 
and are simple Dirac masses. The flavor changing couplings of the xr singlets arise only at 
order v/ f, and thus the effects are suppressed relative to those we calculate. In summary, 
including these fermions in the flavor analysis is a higher order effect. We note that if the 
ipR doublet is taken to be light, then its flavor effects arise through box diagrams where 
components of the complex triplet (j) run in the loop. 

In order to prevent against large contributions to the Higgs mass from one loop 
quadratic divergences, the third generation light Yukawa interaction must be modihed 
so that it incorporates the collective symmetry breaking structure. In order to do this, the 
Ti and T 2 multiplets for the third generation must be completed to representations of the 
SU{3)i and SU{3)2 subgroups of SU{5). These multiplets are 


j , Q2 = t'2 j , (2.11) 


where Qi and Q 2 obey the same transformation laws under T-parity and the SU{5) sym¬ 
metry as do Ti and T 2 . It should be noted that the quark doublets are embedded such 


that 



( 2 . 12 ) 


One must also introduce additional singlets and t 2 R which transform under T-parity as 




IR 


-t' 


2R 


(2.13) 


SO the top sector can be implemented in the following T-parity invariant way laiH] 




'^ky (Q2H0) i'^jx^kyj ' 

+ + ?2^2r) + 


This Yukawa interaction generates a mass for the top quark given by 


^top 


AiA2n 

\/Ai + A| 


(2.14) 


(2.15) 


while the orthogonal T-even combination (T+), and the T-odd combination of t'l and t' 2 , 
(r_) acquire masses given by 


mT+ = 



and mT_ = A 2 /. 


(2.16) 
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The T-odd combination of the gi and q 2 doublets get their mass from the same Yukawa 
coupling as the other T-odd doublets discussed earlier. The other two generations of SM 
up-type quarks acquire their mass through similar terms, though with the t' quarks missing 
from the Qi and Q 2 multiplets since the Yukawa couplings are small and these quadratic 
divergences are suppressed. The T_ quark only has sizeable “flavor changing” interactions 
with the SM top quark mass eigenstate and the Ah [IEI, and so it does not contribute to 
any of the processes we study. 


3 T-odd Flavor Mixing 


Before beginning a discussion of the T-odd fermion mass sector, we briefly review the 
process as it works in the SM na. The Yukawa sector generates mass matrices for the 
three up-type quarks given by after EWSB which is diagonalized by two unitary 
matrices, U and V: 

(M„)j = (rjUA/f)f(C/t)i (3,17) 

The gauge eigenstates are then expressed in terms of (the primed) mass eigenstates by 

«i = (U)P'Z = {Uj/ai (3.18) 


A similar procedure applies to the down-type quark mass matrix. Much of the information 
contained in the diagonalization of the mass matrices is redundant when one looks at SM 
amplitudes for cross sections. The cross-over to the mass eigenbasis leaves most of the 
gauge interaction portion of the Lagrangian invariant. It is only the weak interactions 
which couple the T 3 = 1/2 and T 3 = — 1/2 sectors that are affected: 


^ [u‘W*PLd‘ + S-W-Plu-] = ^ 


rk 


In the SM, the only observable rotation is the combination 


(3.19) 

(3.20) 


This is no longer necessarily the case when one introduces additional fermions which couple 
to the SM. 


The mass eigenbasis in the T-odd fermion sector is not necessarily aligned with the SM 
fermion sector. These additional mixings are a source of flavor changing processes that are 
the focus of this paper. The interaction that gives the T-odd doublets their mass, Eq. (El, 
can be extended to include generational mixing: 

K)f + h.c. (3.21) 

In analogy with the CKM transformations, the resulting mass matrix a/2//t:* is diagonalized 
by two U{3) matrices: 

= (u)UKD)f(A)l (3.22) 
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Vh acts on the left handed helds while Uh acts on the right handed helds. We note that 
these matrices are identical for the up and down-type T-odd fermions, since the resulting 
Dirac mass terms are SU{2)l symmetric. 

The gauge interaction portion of the kinetic terms in the T-parity eigenbasis are given 
qualitatively by 

gQ.^A-Q\ + gQ+^A-Q-, (3-23) 

where the A_ and Q- are the T-odd gauge bosons and fermions with mass /• The 
(5+ are the T-even eigenstates. One can further rotate this T-parity eigenbasis into the 
mass eigenbasis, where flavor mixings in both the T-odd and T-even sectors are taken 
into account. Identifying the mass eigenstates with a H and L index for heavy and light, 
respectively, these interactions can be re-expressed as 


gQniVjlj^H 


(K)l< 

(v^rA 


+j 


aAVJ)} 

A(vA 


Ah^hjQbj 


(3.24) 


where 



The rotation matrix Vfj- is in 17(3), and operates on the flavor indices of the left handed 
T-odd fermions. In analogy with the CKM matrix then, the rotations relevant to flavor 
physics are 

(vimA = (vA(vA = (r™)-. (3.25) 

Note that the two matrices are related through the SM CKM matrix: 

^Hu^Hd = Tckm- (3.26) 

This is an important result, as it implies that one cannot completely turn off the new 
mixing effects except with a universally degenerate mass spectrum for the T-odd doublets. 
For example, if Vud is set to be the identity, then = Vckm- 

There is a subtlety here involving the T-even partner of the top quark which is respon¬ 
sible for canceling the top quark’s quadratically divergent contribution to the Higgs mass. 
As it is only inserted in the top quark sector, it explicitly breaks flavor symmetries in a 
way such that the symmetry cannot be restored through a spurion analysis. If we were to 
assume that the up-type Yukawa couplings are flavor diagonal, then the top quark diver¬ 
gence is canceled as in the littlest Higgs model. From this starting point, where W = 1, 
Vhu = V}j, and Vnd = ^H^d, and Vd = Vckm- Because there is no symmetry in place which 
forbids such off-diagonal top-Yukawa elements, this perhaps seems a bit unnatural. 

We note that the flavor symmetry could easily be restored by completing all three 
generations of the SU(2)i and SU(2)2 doublet quarks to be SU(3)i and SU( 3)2 triplets. 
Doing so leads to a somewhat more natural picture of how the top quark divergence is 
canceled, but at the expense of introducing 4 additional particles (a T-even and T-odd 



partner for each of the two remaining up-type quarks). The effects of these new quarks 
on flavor physics and EWP would be vanishingly small, since, as found in US EH!, these 
effects are approximately proportional to fn^M/'^T+i where is the mass of either the 
up or charm quark. The new T_ flavor contributions would scale in the same way. Since 
the masses for the hrst two generations are quite small, this effect is extremely suppressed. 
Depending on the mass of these new particles, however, the collider phenomenology EH 
[ini EOl EH |22j could be quite different. For the remainder of this analysis, we assume that 
the flavor symmetry is only explicitly violated by mass terms, and that the fermions come 
in SU{3)i multiplets, and that therefore, Vu is free to take on any value. The earlier model 
can easily be obtained from this one by picking specihc mass textures, and decoupling the 
partners of the lighter up-type quarks. 

Beyond the SM, there are three new rotation angles, and one new CP violating phase, 
as we explain here. There are two unitary matrices which show up in observables, Vh^ 
and Vud- These have 3 rotations each, and 6 phases each. There are 6 quark helds which 
transform under S'f/(2)i, and 6 under SU{2)2. Each set of 6 quark helds can absorb 5 phases 
(an overall phase in each sector is unobservable). What remains are 6 total rotations, and 
2 CP violating phases. One combination of Vhu and Vnd gives the SM CKM matrix, which 
has 3 rotations and 1 phase. We then parametrize Vnd the same way as we do the CKM 
matrix, but with new angles 0 ^ 2 , 0 ^ 3 ^ ^131 phase Sf^: 


Vud 


d 

02‘-13 

- 

* 12'-23 '- 12 * 23 * 13 ^ 

_ „d „d „d 

^ 12*23 0203 * 13 ^ 


4A sf3e-< \ 

pd pd _ ^d ^d ^d ^d pd | 

02'-23 *12*23*13^ *2303 I 

_ „d _ „d „d „d „d I 

'- 12*23 * 12 '- 23 * 13 ^ '- 23'-13 / 


(3.27) 


The matrix Vhu can then be extracted from the relation Vhu = '^HdVcKM- With this 
parametrization, we can analyze all of the physical degrees of freedom in the model. 
Throughout our analysis, we use for the SM CKM matrix the PDG best £t angles 123] 


si 2 = 0.2243 ± 0.0016, S 23 = 0.0413 ± 0.0015, S 13 = 0.0037 ± 0.0005, hi 3 = 1.05 ± 0.25. 

(3.28) 

There are also interaction terms containing a T-odd Goldstone boson, a T-odd fermion, 
and a SM fermion. These arise from expanding the T-odd Yukawa interactions in Eq. (|I2H) 
in the mass eigenbasis. Similarly, these only involve the rotations Vhu and Vnd- In Tabled 
in the Appendix, we give the Feynman rules relevant to flavor physics. 


4 Mixing in the Standard Model and Beyond 

The state of the art theory predictions for mixing in the K and systems agree with 
experimental results up to theoretical errors in long distance effects and QCD corrections. 
In D mixing, there is only an upper bound. In this section, we give a very brief summary 
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of the SM predictions for neutral meson mixing. For more detailed discussions see j2H 123 
EEIEZIEH]. We also comment on the relevance of each system to our study of the littlest 
Higgs model with T-parity. 


4.1 Standard model effective Hamiltonian 


The lowest order SM contribution to the effective Hamiltonian that governs neutral K 
meson mixing is given by ra 

^AiA^F(x.,Xj (4.29) 

ij 


where x, = rrii and rrij are the masses of the quarks in the loop, and the Aj are de¬ 
fined as functions of CKM matrix elements: Aj = The function F(xi, Mw^) 

is given in the ’t Hooft-Feynman gauge in the Appendix. This function is hnite in the 
’t Hooft-Feynman gauge, but divergent in unitary gauge. When summing over the dif¬ 
ferent flavors, the gauge dependence cancels after imposing unitarity of the CKM matrix 
through the relation A„ = —Ac — Xt- The final form of the effective Hamiltonian after this 
substitution is given by 


n 


SM 

eff 


(^2 


Xl rji Sq{xu, Xc) + 2 AcAt?73 S'o(x„, Xc, xt) -f A^ 772 S'o(x„, xt) 

x{M){y_A){sd)(y-A)-, (4.30) 


where 

S'o(xi, Xj) = F(xj, Xi ; Mwl) - ‘^F{xi, Xj ; Mw^) + F{xj, xj ; Mw^) 

So{xi,Xj,Xk) = F{xi,Xi]Mwi^) - F{xi,Xj]Mwi) - F{xi,Xk] MwJ +-^(xj,x^ ; 

(4.31) 

and the rji are QCD corrections. We will see a similar structure for the contributions 
to the effective Hamiltonian from the T-odd fermions. In practice, for the SM particles 
the masses of the lighter particles are taken to be zero in the formula above, leading to 
simplihed expressions. For example, in K and B mixing, taking = 0 gives the standard 
functions: 

S'o(xc,Xi) = ^o(0,Xc,Xi), S'o(xt) = ^o(0,Xi). (4.32) 

The effective Hamiltonians for mixing in the other neutral meson systems can easily 
be obtained from Eq. (ICTll by altering the A*, the four-quark operator, and the rji. For 
example, to get the result for mixing, each occurrence of s should be replaced by b, and 
the r^’s that correspond to the B system should be inserted. 
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4.2 Physical Observables 


We show here how to obtain the physical observables from the effective Hamiltonians. We 
restrict our analysis to neutral meson mass splittings and ex- We comment on the relevance 
of these observables to our analysis of T-parity flavor physics. 

4.2.1 Mixing 

We will use two observables from Mixing: the mass difference AMx, and the 

parameter ex, related to the real and the imaginary part of {K^\T-Ces\K^), respectively. 
More specihcally we have for AMx'- 

AMx = —Re (K^lHeslK^)- (4.33) 

mx 


The SM prediction is 

AMx = Re [Af r/i5o(x,) + Xfv 2 Soixt) + 2X:x;r]sSo{x,, Xt)] | , 

(4.34) 

where Fx and mx are the it'-meson decay constant and mass, respectively. Bx is an order 
one non-perturbative “bag” parameter. 

The theoretical prediction for ex is given by 


ex 


exp(i7r/4) 
2^/2 AMx '^K 


Im {X\H.„\K«), 


(4.35) 


and the SM prediction is then 


Cfc 


G^F^mxM^^ 

QV2tt^ AMx 


Bxlra Xt {Re Ac [viSoixc) - mSoixc, Xt)] 


Re Xtr] 2 So{xt)} exp{i7i/i). 

(4.36) 


K mixing imposes some of the tightest bounds on the T-odd fermion spectrum. Bounds 
on the mass splitting of the neutral mass eigenstates (or, equivalently, the mixing frequency 
of the CP eigenstates) impose constraints on the hrst two generations of T-odd fermions, 
as we will show in Section IHl In addition, if there is a CP violating phase in Vxd, then there 
are new physics contributions to the ex observable, the measure of indirect CP violation in 
K decays. As we show in Section |BJ this observable is often the most sensitive to little Higgs 
physics. This is in analogy with the problem” in supersymmetry (see for example na). 
In addition, it would be interesting to study the e' observable, which is the measure of direct 
CP violation in K decays. We leave this for future work. 


11 






4.2.2 Mixing 

In our analysis we will also discuss the mass differences in the B^ — B^ and B^ — B^ systems. 
In terms of low energy matrix elements, these mass splittings are given by 

AMb, = ^Re (4.37) 

For neutral B mesons the functional form is identical to the effective Hamiltonian for K 
mixing, although with new Aj, rji, and bag parameters. The hierarchy of the CKM matrix 
elements, however, allows for simplification of the effective Hamiltonian, so that to an 
excellent approximation, it depends only on 5*0(a:*). The SM prediction is therefore 

am, = (4.38) 

Neutral B mixing is particularly interesting due to the large amount of progress cur¬ 
rently being made both on experimentally constraining 6-quark physics, and on pinning 
down the theoretical SM predictions for B meson observables. A particularly exciting sys¬ 
tem to study from the perspective of current developments is the Bg system. The mass 
splitting is so far undetermined by experiment. 

In our analysis, the B^ neutral meson mass splitting provides constraints that are 
complementary to those from the K system. Because the B^ system is more sensitive to 
physics in the third generation, it generally imposes stronger bounds on the third generation 
T-odd fermion doublet than the K system alone. 

4.2.3 Mixing 

For D meson mixing no mass splitting has yet been observed. The SM short distance 
contribution to the D mixing effective Hamiltonian is extremely suppressed, due to GIM 
and CKM factors. There are potentially larger long distance contributions, but these 
are not well understood due to sensitivity to low energy strong dynamics. The current 
experimental bound is given by Q 

line; - mool < 4.6.10““ GeV, CL = 95%. (4.39) 

In our analysis, we assume that the new physics contribution dwarfs any SM contributions. 

In our analysis, the D system provides an important counterweight in constraining 
the extended fermion sector. Unlike the K and B systems, the T-odd fermion contribu¬ 
tions to mixing come from the up-type diagonalization matrix, Vhu- Without the current 
experimental upper bound on the D meson mass splitting, the constraints on the T-odd 
fermion sector would be vanishing for Vnd = 1- However, the relation VjjJ/nd = Vckm 
requires that if Vnd = 1, then = Uckm- R down-type mixing is suppressed by very 

small off-diagonal elements, then up-type mixing is unavoidable. 
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Figure 1: Box diagrams involving T-odd gauge bosons and scalars that contribute to particle 
anti-particle mixing in the littlest Higgs model with T-parity. There are other diagrams, 
such as those with two neutral scalars running in the loop. These, however, sum to zero. We 
show only the classes of diagrams which contribute to the functions given in the Appendix. 


5 Little Higgs contributions to neutral meson mixing 

We now calculate the corrections to the relevant effective Hamiltonians in the littlest Higgs 
model with T-parity. The dominant contributions arise from box diagrams which have 
T-odd fermions running within the loop, along with T-odd gauge bosons. There are also 
sub-dominant effects coming from the extended top sector of the model, which we briefly 
discuss as well. 


5.1 T-odd sector contribution 

From the T-odd sector we get several new contributions to neutral meson mixing. These 
contributions come from box diagrams that contain heavy gauge bosons and T-odd fermions, 
and in general are suppressed by a factor of However, this suppression is vastly over¬ 

come in most regions of parameter space due to the absence of a TeV scale GIM mechanism. 
The diagrams can be classihed according to the gauge boson running in the loop: Wh, Zh, 
and “mixed” and Ah. These are shown in Figure ^ We have calculated these diagrams 
both in the’t Hooft-Feynman and the unitary gauge, and we now review the results. 

The diagrams with internal and charged Goldstone bosons give a contribution 
to the effective Hamiltonian which has the same functional form as the SM calculation, 
with some simple replacements. For the heavy neutral gauge bosons, Zh and Ah, we have 
apart from the hF/^-like diagrams, also “crossed” diagrams where the gauge bosons attach 
to opposite vertices on one side of the box. After summing over the two types we hnd that 
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each class of diagrams, namely the , “AA”, and “ZA” diagrams, are independently 
gauge invariant. We carried out the full calculation in both’t Hooft-Feynman gauge and 
unitary gauge, but gauge independence can be shown to hold in any gauge. A similar 
phenomenon occurs in the SM for boxes that contain and 7 [20] (these diagrams do 
not contribute to neutral meson mixing, of course). Furthermore, the contribution of the 
diagrams containing neutral scalars vanishes after summing over the regular and crossed 
diagrams. This effect can be traced back to the fact that the coupling of the eaten T- 
odd Goldstone bosons to the heavy and light fermions is purely left handed, and that the 
momentum assignment on one of the fermion lines is in the opposite direction of fermion 
number flow in the crossed diagrams. 

The total contribution from the T-odd sector to neutral K mixing (neglecting QCD 
corrections) is given by 

ij 

+Ai{Zi, Zj] Zh) + A2{Zi, Zj] Zh)] {sd){V-A){sd){y-A)- 

(5.40) 

The functions F, G, Ai, and A 2 correspond to the contributions of the “WW”, “ZZ”, 
“AA”, and “ZA” diagrams, respectively. Their explicit form in’t Hooft-Feynman gauge is 
given in the Appendix. In the above formula Ui = and Zi = which are 

identical at lowest order in v/ f. Ignoring the higher order effects of the Wh — Zh mass 
splitting, we replace yi with Zi in the rest of the text, m* and rrij are the masses of the 
T-odd quarks in the loop, and the A' are functions of Vhcl matrix elements: A' = 

As in the SM calculation, we can present the result in a more compact way. Imposing 
unitarity of Vud^ we can re-write the effective Hamiltonian as: 

= Q^^ 2 d^wy 2 ['^?-^ 2 (A, ^3) + 2A2 A 3 F 3 (^i, Z2, Z3) -|- X'2R2iZl, Z2)] (sd) (y_^) (sd) (y_^), 

(5.41) 

where 

R2{zi, Zj) = ^ [M{zi, Zi) - 2M{zi, Zj) + M{zj, zj)] 

Me{F,G,Ai,A2} 

Rsizi, Zj, Zk) = ^ [M{zi, Zi) - M{zi, Zj) - M{zi, Zk) + M{zj, Zk )], 

M£{F,G,Ai,A2} 

(5.42) 

and Tj parametrizes the effects of QCD corrections that will be discussed in more detail 
below. 

The effective Hamiltonians relevant to B and D mixing can easily by obtained from 
Eq. (j5.42jl by simply interchanging indices in the mixing parameters. A', and relabeling the 
quarks in the four-fermion operator. 
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Figure 2: ASt/So{xt) versus xl for different values of f, / = 1 TeV (solid) and / = 2 TeV 
(dashed). 0 {v^/f‘^) corrections are included to show the large xl behavior. 

Interpreting these new contributions as shifts in physical observables is quite easy 
through application of the same techniques used in the SM calculations. The only subtleties 
that arise are involved with the QCD corrections. 

Before moving on to examine the T-even contributions, it is instructive to look at 
an approximate formula for the T-odd contributions to the effective Hamiltonian. In par¬ 
ticular, if we go to the limit where the T-odd doublet spectrum is nearly degenerate, and 
assume that the T-odd fermion masses are signihcantly larger than the T-odd gauge bosons 
(k 3> S'), we hnd that Eq. (I5.4()|) reduces to the following form: 

WSS" « [(fci2 + " (Sd)tv-A)(Sd)tv-A), (5.43) 

where Sk,i 2 = and 6^23 = In this expression, it is easy to see the GIM 

mechanism at work. The lowest order terms in the mass splitting expansion are at 

5.2 Contributions from the T-even sector 

There are also contributions to flavor changing diagrams coming from diagrams which 
involve the T-even partner of the top quark, T+. These have been calculated in HEummsi 
for the littlest Higgs model without T-parity, and the results from these calculations are 
much the same as in the littlest Higgs model with T-parity, although some of the diagrams 
in that model no longer exist due to certain couplings being forbidden by T-parity. For 
example, in diagrams with T-even fermions running in the loop, there are no contributions 
which involve the heavy T-odd gauge bosons. 

The leading order 0{v^ jp') contribution to the effective Hamiltonian that governs K 
meson mixing from the T-even sector is given by 

Kr = + Xh 2 ASt + 2XAtT]3AStc\ isd)vAsd)v-A, (5.44) 


15 










where 


= 0 

^St = -2^xl(^So{xt) - So{xt,XT)'^ 

^Sct = (^So{xc, Xt) - So(xc, xt)^ , (5.45) 

and Xt = ^t+I^Wl- parameter xx, is a function of the couplings in Eq. (I2.14|l : 


XL 


A? + A| 


(5.46) 


These corrections arise from two effects. First, there are explicit new flavor changing 
diagrams which involve the partner of the top quark, T+. In addition, the CKM matrix is 
modihed at order v'^/p in the V^YiM elements. 

To obtain these relations, we have simply taken the limit of equal gauge couplings 
required by T-parity in the equations in and removed also the contributions from 
diagrams that violate T-parity. Note that, because of those new conditions, imposing T- 
parity makes the T-even contributions somewhat smaller than those in the littlest Higgs 
model without T-parity. 


For regions of xl > 0.8, where Ai > A 2 , we have to also consider formally order 
contributions, which increase linearly with xt- These contributions come from box 
diagrams that contain two T-even partners of the top quark. The leading behavior of these 
contributions is the same as that of the littlest Higgs model without T-parity, given by CBI 


{ASt)TT 


Xt V 

Tf 


X 


4 _ 
L — 


2 S 
Xt V x\ 

4 pi - XL 


(5.47) 


In Figure El we show the ratio ASt/So{xt) as a function of xl at order 0{v‘^/fp, 
where Sq is the SM contribution. In our analysis, we take xl = 0.5, which corresponds 
to the point at which the T+ mass is at its minimum. This is also the point where the 
contributions to the Higgs mass are minimized. For this ‘natural’ value of xl, these T-even 
contributions are small (less than 6% of the SM contribution for / = 1 TeV), and can be 
neglected. 

Although T-even contributions could be very large in more fine-tuned regions of xx, 
we note that xx cannot be arbitrarily close to 1, in order not to violate direct search bounds 
on the T-odd top partner mass, mx_ = A 2 / (as Ai is increased, in order to hold the top 
quark mass hxed, A 2 must decrease, lowering the T_ mass). In addition, we want to keep 
Ai from entering the strong coupling regime. We leave a study which includes the effects 
of large xx for future work.* 

* Recently, new little Higgs models have been constructed in which the partner of the top-quark is odd 
under T-parity m In such models, these contributions could vanish. The flavor effects of the T-odd 
sector that are the primary focus of our study, however, remain unchanged with this modihcation. 
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5.3 QCD corrections 


So far the expressions we have presented did not inclnde QCD corrections. For the SM con- 
tribntions these corrections nsnally snppress the short distance predictions. For example, 
the nnmerical valnes for the QCD corrections to the SM contribntions are given by 

r]B = 0.55 ± 0.01, rii = 1.32 ± 0.32, r]2 = 0.57 ± 0.01, = 0.47 ± 0.05 (5.48) 

at NLO |2H1 EH E3 EHl EZl • A fnll NLO analysis for the new physics contribntions wonld 
clearly be beyond the scope of this work, bnt as we will show below, we can acconnt for 
the bnlk of these corrections at leading order (LO). 

For the little Higgs model with T-parity we always match onto the same {V — A) ® 
{y — A) operator. While the NLO valne of the Wilson coefficient at the high scale fin 
cannot be determined withont a fnll one loop calcnlation, the anomalous dimension will 
be the same as in the SM, as it depends only on the properties of the local operator. This 

70 

implies that we can immediately obtain rj = , valid at LO. 

We also need to address the issue of the choice of what to take for the high scale p//. 
One might assume that hh ~ / is the best choice, but as we will explain below, we choose 
for our study hh ~ 

• While the masses of Wh and Zh are gf, the mass of Ah is 4 times smaller: g' f / a/ 5, 
which for / ~ 1000 GeV is close to the top quark mass. Therefore for diagrams that 
involve Ah we should use a scale lower than /. 

• The masses of the T-odd fermions are free parameters, so it is unclear which scale to 
use when integrating them out. Furthermore, since they couple to the gluons, their 
presence will lead to threshold effects which are functions of these masses and which 
greatly complicate the calculation. 

• Most importantly, the bulk of the QCD corrections result from running from the weak 
scale to the hadronic scale. Since the variation of as between the scales v and / is 
rather small, neglecting these running and threshold effects is justified, considering 
the other uncertainties. For example, in running up to / = 1000 GeV from Mw, the 
effect would only reduce g by about 8%. 

Considering these facts, and that there are uncertainties which would dominate these small 
effects, the common value for the QCD corrections that we adopt is then: 

g = {asimwj)^ = ~ 0.58 . (5.49) 

In order to calculate the matrix element of the resulting effective Hamiltonian, we need to 
parametrize the matrix element of the four quark operator. This calculation is precisely the 
same as in the SM as it only relies on physics at the low scale, and so the bag parameters 
are identical. 
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6 Results and Constraints 


In this section, we show our numerical bounds on the T-odd fermion spectrum for some 
representative selection of textures for Vud- We first consider cases where Vhu and Vud 
are diagonal up to corrections that are of order the off-diagonal elements of Vckm- We 
then analyze simple cases where the off-diagonal elements are allowed to be large. We find 
in the former cases that some small GIM suppression is necessary to satisfy experimental 
constraints. In the large mixing scenarios, a strong GIM suppression is necessary to avoid 
large contributions, and the T-odd fermion spectrum must be nearly degenerate. 

6.1 Near the diagonal 

The littlest Higgs model is an effective held theory valid at most to the scale Itt/. As such, 
there is no reason to suspect that one particular texture is favored over another. However, 
if we begin from a basis where the T-odd Dirac masses are diagonal, this leads to the 
relations Vhu = W, and Vnd = Vd- From this relation, it is clear that, in this basis, all 
of the havor and GP violating amplitudes arise as a result of the Yukawa couplings which 
give mass to the SM fermions. 

Now the GKM matrix is given by Vckm = VjjVrf. From this relation, it is clear that 14 
and Vd cannot simultaneously be set to the identity. In this section, we assume that both 
14 and Vd are nearly equal to the identity matrix. This is equivalent to assuming that there 
is an alignment mechanism between the T-odd masses and the SM Yukawa structure. This 
assumption provides us with a set of minimal mixing scenarios. We take as examples two 
simple cases: 

• Case I Vhu = 1, Vnd = Vckm 

• Case II Vjdd ~ 1) V}ju ~ Vckm 

In each of these scenarios, the only parameters relevant to neutral meson mixing are 
the mass eigenvalues of the T-odd fermions. In the first setup, the D system is unaffected, 
and all constraints arise from neutral K and B mixing. In the second, there is no mixing in 
the down type gauge and Goldstone boson interactions, and thus there are no contributions 
at one loop order in the K and B systems. Instead, the D system gives the only constraints. 

The one feature that these scenarios both share is a relative suppression mechanism 
that is borrowed from the SM GKM texture. The smallness of Hqkm ^ckm ensure that 
the neutral meson mixing amplitudes will be nearly independent of the mass of the third 
generation T-odd fermions. The constraints will primarily be on the masses of the first two 
generations of T-odd fermions, because of the relatively larger values of V^^j^ and Vq^^. 

In hnding the bounds on the mass eigenvalues of the T-odd fermion sector for a par¬ 
ticular texture, we require that, for Bd and K mixing, the contribution from the T-odd 
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Figure 3: Case I / = 1000 GeV: In these plots, Vnd = Vckm- In order of the darkest 
contours to lightest, the average mass of the hrst two generations varies through mi 2 = 
500,1000, 2000, 3000 GeV. The D system imposes no constraints in this scenario. 

fermions not exceed 30% of the SM contribution to the mass splittings and ex- This is 
roughly when the new physics contributions begin to exceed the long distance uncertain¬ 
ties associated with the SM predictions for these observables. We note that this process 
eliminates the dependance on the bag parameters, which have rather large theoretical un¬ 
certainties. In the D system, there is only an experimental upper bound on the mass 
splitting, and the SM short distance contribution is very small compared with this bound. 
Thus, for the D system we only require that the T-odd fermion contributions not exceed 
this experimental upper bound. For every scenario, we hold the symmetry breaking scale 
/ hxed at / = 1000 GeV. The contributions from new physics simply scale as 1//^, so 
these results can easily be extended to other values of the breaking scale. In each plot, the 
horizontal axis is the ratio Ami 2 /mi 2 = 2 (m 2 — -|-m 2 ), where mu is the average 

mass of the hrst two generations, and Amu is the splitting m 2 — mi. On the vertical axes 
we plot the dependence on the mass of the third generation T-odd quark doublet. 

In Figure ini we show the constraints on the mass splitting of the hrst two generations of 
T-odd fermions as a function of the mass of the third generation T-odd doublet. The regions 
of parameter space where the new physics contributions are smaller than the approximate 
long distance uncertainties in the SM contributions lie inside the shown contours. In this 
scenario the up-type GKM, Vum is diagonal, and thus — D^ mixing has no contributions 
from new physics. The features in the plot that cause the narrowing of the internal regions 
as m 3 varies away from mi 2 are due to the inhuence of the ex observable. If the GP 
violating phase is set to zero, the contours are nearly vertical. 
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Figure 4: Case II / = 1000 GeV: In this plot, we show the results for the case where VHd = 
1. Again, from darkest to lightest, the average mass of the first two generations increases 
as mi 2 = 500,1000, 2000, 3000 GeV. In this scenario, only the D system is affected, and 
so the contours correspond to the points at which the T-odd fermion contributions exceed 
the experimental upper bounds. 

In Figure |3J we set instead the down-type Yukawa interactions to be diagonal. As 
mentioned, the constraints in this region come only from the D system mass splitting. 
There are essentially no constraints on the mass of the third generation T-odd doublet. 
The degeneracy required in the first two generations is quite relaxed, now varying between 
50 and 10% as the average mass mi 2 is increased. We note, however, that this would change 
as the experimental bounds on the D meson mass splitting are improved. For example, if 
the bound on the mass splitting comes down by a factor of ten, the required degeneracy 
between the hrst two generations of T-odd fermions then varies between about 16 and 4% 
as mi 2 varies between 500 and 3000 GeV. 

6.2 Going away from the diagonal 

As mentioned, another possibility for the textures is to have large off diagonal elements 
in Vnd- There is no reason to assume that there is an alignment between the T-odd 
mass textures and the SM Yukawa couplings. We note that this requires that there are 
also, simultaneously, large off diagonal elements in Vhu which must cancel in the relation 
^Hu^Hd = V^VnV^Vd = VcKM- This is easy to realize in a natural way if most of this 
mixing comes in through the T-odd Yukawa textures. 
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Figure 5: Case III / = 1000 GeV: In this plot, the angle = 0.5, while the other angles 
are equal to the SM CKM angles. The contributions from new physics are generally much 
larger, and thus a stronger GIM suppression is necessary. The contours, from darkest to 
lightest, are for mi 2 = 500,1000, 2000, 3000 GeV. In the plot on the left, = 1.05, 

while on the right this phase is set to zero. 


In this section, we study the corrections that arise when the angles sfj in Eq. (HTTni are 
taken to be large. In these cases, we hnd that not only is a degeneracy required between 
the hrst two generations, but the entire flavor spectrum of the T-odd vector-like quarks 
must often be degenerate. We consider four scenarios: 

• Case Ilia sfg = 0.5, ^^3 = sfj = otherwise. 

• Case mb 5^3 = 0.5, = 0, sfj = otherwise 

• Case IVa = 0.5, sf^ = 0.7, 4 = 0.4, 4 = 4 ^ 

• Case IVb = 0.5, 3^2 = 0.7, S 23 = 0.4, 4 = 0 

In cases Ilia and Illb, we allow one of the angles to be large. We pick specihcally sfg to be 
large, as it is this angle to which the third generation mass dependence is sensitive. As 
is a strong factor in the analysis, we look at the case where it receives no contributions by 
setting ^33 to zero, relegating all new CP violation to the up-type quark interactions. In 
cases Va and Vb, we chose some order one values for the three mixing angles, and again 
look at cases where the new CP violating phase is either all in the down-type, or all in the 
up-type quark interactions. 
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Figure 6 : Case IV / = 1000 GeV: In this plot, all of the angles are taken to be somewhat 
large: 4 = 0.5, 4 = 0.7, 4 = 0.4. The contours, from darkest to lightest, are for 
mi 2 = 500,1000, 2000, 3000 GeV. In the plot on the left, 4 = = 1.05, while on the 

right this phase is set to zero. In the plot on the right, the required degeneracy in the third 
generation is relaxed. 

In Figure El we show the constraints on the masses in this case where sfg is large. A 
large implies order one contributions to and is clear from this hgure that a 

degeneracy is now required in all three generations of T-odd fermions. For a generic choice 
of order one mixing angles, it is expected that such a universally degenerate spectrum is 
required. We show the results when the GP violating phase is set both to the SM value, 
( 5^3 = 1.05, and to = 0. The dramatic difference between these two types of scenarios 
indicates the severe sensitivity of the ex observable to new flavor physics. 

In Figure El we take all of the mixing angles to be somewhat large. We hnd that this 
scenario is far more constrained then all the others if the phase . There are 

some narrow windows where degeneracies of up to 10 % are allowed, but the majority of 
the parameter space where corrections are small is in the 1% range. However, when the 
angle < 5^3 is taken to be small, it happens that there is a cancellation in such that the 
third generation mass m 3 is relatively unconstrained. 

6.3 Bg mixing 

Of all the scenarios that we have considered so far, Bg mixing is not strongly affected if 
the T-odd fermion spectrum is constrained such that the new physics contributions to K, 
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Figure 7: Case V / = 1000 GeV: In these plots, the angle = 1/v^, while the other 
angles are set to zero. In the plot on the left, the contours, from darkest to lightest, are 
for mi 2 = 500,1000, 2000, 3000 GeV, and show the constraints from the K, Bd, and D 
systems. In the plot on the right, we overlap the constraint contour for mi 2 = 3000 GeV 
with a plot of the enhancement in the Bg mass splitting relative to the SM contribution. 
From darkest to lightest, this enhancement is a factor of 2,4, 6, 8,10, and 12, respectively. 


Bd, and D mixing do not exceed the bounds that we impose. However, there may be some 
special choices of textures that we have not considered that only strongly modify the Bg 
system. It is well known that this can occur in supersymmetry na. With this in mind, we 
have identihed a texture that does not signihcantly affect K and Bd mixing, but which is 
able to enhance Bg mixing. A simple set of angles that achieves this is 

• Case V s ^3 = 1/^, = 0, = 0, = 0. 

The constraints from the other neutral meson systems are very weak here. It is primarily 
the D system which restricts the allowed parameter space. In this scenario, by varying the 
T-odd fermion masses within the allowed contours, the mass splitting in the Bg system can 
be enhanced by as much as a factor of 12.^ The constraints, along with a plot where we 
show the enhancement of the Bg mass splitting for hxed mi 2 = 3000 GeV are shown in 
Figure [71 It is interesting to note that the degeneracy required in the hrst two generations 
of T-odd fermions is more or less completely relaxed. We emphasize that we have not 
performed an exhaustive search, and it is possible that there are other textures where the 
allowed enhancement of Bg mixing is even larger. 

'I'We are especially grateful to Matthias Neubert for suggesting that such a scenario is possible. 
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7 Conclusions 


Little Higgs models with T-parity necessarily introduce new mirror fermions in order to cut 
off UV sensitive contributions to four-fermion contact operators that are constrained pri¬ 
marily by studies at LEP. These fermions introduce a new flavor structure to the model, and 
lead to new tree level flavor changing currents involving SM fermions and mirror fermions. 
We have done a hrst exploratory study of this flavor structure, and found constraints on 
the mirror fermion mass spectrum from a one loop analysis of neutral meson mixing. We 
have noted that it is not possible to adjust all of the new flavor structure to be completely 
diagonal, due to relations with the CKM mixing already present in the SM. 

For order one mixing parameters, we hud that the mirror fermion mass spectrum must 
be degenerate to within a few percent or less. If the new mixing parameters are taken to 
be small, then this is signihcantly relaxed. In particular, if all mixing is relegated to the 
up-type quark interactions, only D mixing is affected, and a degeneracy of only 50% or so 
is required between the hrst two generations of T-odd fermions. We note that improved 
experimental constraints on the D meson mass splitting could signihcantly restrict such 
scenarios. We have found that the ex observable plays a signihcant role in the hts if there 
is a CP violating phase in Vhcl- 

We have also studied the Bg system, identifying a scenario in which Bg—Bg mixing can 
diher substantially from the SM prediction while still satisfying constraints on the other 
neutral meson mixing observables. In the setup we have considered, the enhancement of 
the mass splitting can be as large as a factor of 12. Such scenarios are of particular interest 
for experimental studies of the Bg system. Also, in this scenario, the constraints on the 
hrst two generations are much more relaxed than in the others considered. 

We wish to make clear that little Higgs models with T-parity are not ruled out in any 
way by this study. This analysis should instead serve as a guide to what properties any UV 
completion of this structure should have. This is in close analogy with studies of the super- 
symmetric havor problem, which have been an essential tool in constructing mechanisms 
of supersymmetry breaking which are consistent with low energy phenomenology. 

We note that this is only an introduction to the flavor physics of this model. There 
are many other observables which are sensitive to this flavor structure, such as rare de¬ 
cays and lepton flavor violating processes. Including rare decay processes in an analysis 
would possibly require a closer degeneracy in the mass spectrum, although this needs to 
be checked. In addition, we have assumed that the SM CKM £t is unchanged, when in 
fact additional contributions to observables (especially ex) can change the best fit values 
of the CKM elements. A full global analysis would remedy this situation, however many 
more observables must be computed and included to render such a fit meaningful. 
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Appendix 

The gauge and Yukawa interactions of the littlest Higgs model with T-parity lead to tree 
level flavor changing currents which can, at one loop, affect SM observables such as neutral 
meson mixing. After identifying the mass eigenstates, the Lagrangian can be expanded, 
leading to the relevant Feynman rules. These rules are given in Tabled While the conjugate 
interactions are not shown explicitly, they are easily derived. One should note that the 
Yukawa type interactions with the eaten Goldstone bosons do not have an i prefactor. 
Because of this, the associated conjugate Feynman rules have an additional minus sign. 


Particles 

Vertices 

Particles 
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Table 1: This table contains the Feynman rules relevant to flavor changing physics. The 
conjugate interactions are not included, but can easily be derived from the listed expres¬ 
sions. 
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The functions resulting from evaluation of the box diagrams are given by 
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(Zi - Zj){l - Zj){l - z'j) 


(7.50) 


where a = M\^ 5/ tan^ and z' = azi. The function F contains the contributions 

from the charged T-odd scalars and gauge bosons, while G contains the contributions 
involving two propagators. Ai contains the contributions from diagrams with two Ah 
propagators, while A 2 contains the contributions from diagrams with both a Zh and an 
Ah propagator running in the loop. 

We note that in unitary gauge the expression for the F function is not the same, and 
in fact contains divergent terms. These cancel when the sum over flavors running in the 
box diagrams is performed, and unitarity of the mixing matrices is imposed. It is only 
after this summation that the calculations in the two different gauges can be compared. In 
contrast, the G, Ai, and A 2 functions which correspond to neutral current contributions 
are already gauge invariant. 
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